Abstract -Recent applications of high-field NMR spectroscopy in biosynthesis will be discussed. The emphasis of the lecture will be on the use of 1H, 3H, '3C and '5N-NMR to focus on individual steps of biochemical processes in the formation of natural products and related enzyme-catalyzed events. In the first set of experiments, pulse labelling and invivo studies are used to uncover biosynthetic sequences in the porphyrin-corrin pathway. In the second type of NMR experiment, the application of 1H and 3H-NMR spectroscopy has illuminated the course of certain key biosynthetic steps in the synthesis of porphyrins and -lactam antibiotics. These methods have quite general application in biochemical and biological systems. Thirdly, the full magnifying power of the NMR "lens" is used to decipher molecular events during enzyme-catalyzed reactions in solution at subzero temperature and in the solid state.
INTRODUCTION
The study of the biosynthesis of natural products has recently been enriched by the application of high-field nuclear magnetic resonance (NMR) spectroscopy to examine the effects of feeding substrates labeled with stable isotopes in such juxtaposition that the timing of the making and breaking of C-C, C-O, C-N and C-H bonds during the assembly of a complex product from its constituent building blocks can frequently be reconstructed by pq mortem examination of the target molecule labeled with '3C, 180, '5N and 2H. These methods depend on direct observation of isotopic shifts (180, 2H) on 13C signals, on C-X spin coupling observation and, more recently, by spectral editing and 2-D NMR techniques which, for example, will filter out and edit all 13C nuclei bound directly to 1H. We now provide examples of some novel NMR techniques designed to probe the biosynthetic pathway at the single enzyme level. We first discuss a "hidden" pathway where it can be deduced that several methylating enzymes are at work in sequence during the overall transformation of hexa-hydroporphyrin to corrin. Using the nucleus H, we next dissect the stages of the actual encounter of the small substrate, porphobilinogen (PBG), with its enzyme (PBG deaminase), an event which initiates the first part of porphyrin (and corrin) synthesis. Turning to a more common (but still mysterious) class of enzyme-catalyzed reaction, we describe both high-field 1H and '3C NMR experiments which have been carefully designed to characterize small, labile product molecules released from enzyme and, more importantly, to detect transient covalent intermediates bound to enzyme, which are part of the catalytic machinery. The high molecular weights of these productive species (-20,0OO MW) require extreme rigor in defining the NMR parameters for their detection. An example from a cognate study of stable transition state analog inhibitor complexes will be presented. The technique of cross polarized magic angle spinning (CPMAS) is applied to the study of dynamic turnover in solid enzyme-substrate interactions, thus bridging the gap between X-ray diffraction and NMR analysis of biomolecules. Finally, examples of invivo, non-invasive '3C-NMR spectroscopy will be discussed.
BIOSYNTHESIS OF VITAMIN B12: TIMING OF THE METHYLATION STEPS BETWEEN URO'GEN III AND COBYRINIC ACID
The details of the pathway of corrin biosynthesis beyond the key intermediate uro'gen III Scheme 1
Uro'gen III of five methys derived from S-adenosyl methionine (SAM) to Factor III (3); (ii) the contraction of the permethylated (seven or eight methyls) macrocyce to orrin; (iii) the extrusion of C-20 and its attached methyl group leading to the isolation of acetic acid (ref. 7, 8 & 4b) ; (iv) decarboxylation of the acetic acid side-chain in ring C (C-12); and (v) insertion of Co2+. In order to justify the continuation of our search for such intermediates whose inherent 'ability is predictable, we have applied 13C pulse-labeling methods to the cell-free system from Propionibacterium shermanii (ref. 9), which converts urogen III It was argued that the full methylation cascade could be differentiated in time, provided that enzyme-free intermediates accumulated in sufficient pool sizes to affect the resultant methyl signals in the 13C 1'IMR spectrum of the target molecule, cobyrinic acid (4), when the cell-free system is challenged with a pulse of 12CH3-SAM followed by a second pulse of 13CH3-SAM (or vice versa) at carefully chosen intervals in the total incubation time (9-10 hr). By this approach it should be possible to 'read' the biochemical history of the methylation sequences as reflected in the dilution (or enhancement in the reverse experiment) of '3CH3 label in the seven methionine-derived methyl groups of cobyrinic acid after conversion to cobester whose 13C NMR spectrum has been completely assigned (ref. 1, 12 & 13).
The validity of the method was tested in a preliminary experiment using a two-phase system. 13CH3-Methionine (90% 13C; 30 mg) was added to a whole-cell (100 g) suspension of P. shermanii in phosphate buffer containing S-aminolevulinic acid (20 mg), in the absence of Co2+. Under these conditions the cells produce uro'gen III (1), sirohydrochlorin (2), and Factor III but no corrin. Cell disruption and incubation of the extract (ref. 10) with added CoZ+ and pulses of '2CH2-SAM at varied time intervals was monitored for differential methylation by isolation of cobyrinic acid, conversion to cobester (5), extensive purification, and finally '3C NMR analysis of the enriched samples (normally 50-150 pg). Optimization of these conditions led to the spectrum shown in Fig. 1 , which reveals a clear distinction between the peak heights of the seven methyl groups of cobester when compared with a spectrum obtained by adding '3CH3-SAM at the outset. The high relative intensities of the C-2 and C-7 signals bear testimony to the initial formation in whole cells of the 2,7-dimethyl isobacteriochlorin, sirohydrochlorin (2) , in the absence of Co2. The differential dilution of methyl intensity in cobester not only suggests that free intermediates have accumulated, but that even in this qualitative experiment, the sequence of methylation is revealed as C-2 C-7 > C-l7 > C-l2o > C-l > C-5 C-15, since the timing of the addition of '2CH3-SAM dilutes the pool sizes of 13CH3-enriched methylated intermediates in the order in which they are formed. Thus, C-l7 is the site of the fourth, C-l2o the fifth, and C-l the sixth methylation. Note that the experiment does not distinguish C-5 from C-l5 (the seventh and eighth methylations) (ref. 14).
Finer tuning of the experiment was achieved in the reversed pulse mode using a porphyrinfree, cell-free system and unlabeled sirohydrochlorin (900 pg) (2) as substrate. Incubation with '2CH3-SAM was followed by a pulse of '3CH3-SAM (ref. 15) after an interval (ca. 6 hr) which allowed the accumulation of unlabeled intermediates. The resultant cobester (5) will bear only five enriched methyls, at C-l, C-5, C-l2o, C-l5, and C-17. The spectrum shown in Fig. 2a provides striking confirmation and extension of the preliminary experiment in that the relative intensities of C-l2ct and C-17 are much lower than that of C-l which, in turn, is differentiated from C-5 and C-15 (ref. 14), i.e. the pulse of '3CH3-SAM is diluted by an accumulated pool of unlabeled tetra-and pentamethyl intermediates, and becomes available for more efficient labeling of the hexa--* octamethyl intermediates. Control experiments show that very early pulsing (0-60 mm) leads to a spectrum of cobester showing approximately equal intensity of all five methyls after 'normalization" for C-5 and C-l5 (ref. 14) (Fig.  2b) , whilst late addition (-9 hr) affords unlabeled cobester. Thus, the complete sequence 13C NMR spectrum of 13C-enriched cobester (5) (270 g in 0.5 ml KCN saturated benzene-d6) isolated from P. shermanii (see text for incubation details). 
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Urogen if of methylation of uro'gen III can be described as C-2 > C-7 > C-20 > C-17 > C-12c > C-i > C-5 C-15, a result which complements and extends a report on the differentiation of C-17 as the fourth methylation site in a pulse experiment with extracts of a different bacterium, Clostridium tetanomorphum (ref. 16). On the basis of this sequence, we propose the structures shown in Scheme 2 as the targets of the search for the "missing' intermediates of corrin biosynthesis. For example, the pyrrocorphin structures suggested for Factors 5 and 6 take into account the sequence C-l7 methylation, decarboxylation of the C-12 acetate side-chain, and C-12a methylation. Similarly, the structures of Factors 7 and 8 are proposed to rationalize the methylation of C-l and the hydration of C-2O as a prelude to the ring contraction/acetic acid extrusion (-* Factor 9) for which we have used Eschenmoser's in vitro analogy (ref. Further refinement of the experiment where the incubation was pulsed with 13CH3-SAM after an interval of only 3-4 hr, afforded a spectrum of cobester (5) in which the signal C-17 had almost disappeared, leading to complete differentiation between the methylation times for C-17 (3-4 hr) and C-l2ct (4-6 hr) (Fig. 3 ). This implies that discrete methylating enzymes are involved at these two centers and at C-2/7, C-20, C-l and C-5/15 (ref. 22) , and that, finally, the possibility of isolating the missing factors, perhaps as their complexes with metals other than cobalt, can become a reality.
Cobyrinic acid
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DIRECT OBSERVATION OF ENZYME-SUBSTRATE COMPLEXES BY TRITIUM NMR SPECTROSCOPY
The central role of uro'gen III (1) in heme, chlorophyll and corrin biosynthesis has captured and maintained the interest of bioorganic chemists in the mechanism of action of the two enzymes required for the synthesis of (1) from porphobilinogen (PBG; 6). We now describe recent NMR experiments with the first of these enzymes, PBG deaminase (EC 4.3.1.8), which catalyzes the head-to-tail condensation of 4 mol of PBG (6) to pre-uro'gen, whose release and stabilization as the (hydroxymethyl)bilane (HMB, 12) has been the subject of extensive investigation (ref. [23] [24] [25] [26] . HMB may cyclize chemically to uro'gen I (13) or serve as the substrate for uro'gen III cosynthetase (EC 4.2.1.75) to form urogen III (1) (Scheme 3).
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Deaminase ( (Fig. 4iii ) the signals at 6.18 and 3.28 ppm disappear and are replaced by new resonances at 3.58 ± 0.1 (meso methylenes (CHT) of urogen I (13a) and methylenes (CHT) of complexes 8-10, R = 3H), 2.75 ± 0.1 (CT2CH2CO2H of 8-10, R = 3H), 2.48 ± 0.1 (CT2CH2CO2H of urogen I (l3a), and 4.69 ppm (HOT, exchanged from C-2 -also present in Fig. 4 , spectra ii and iv). The formation of uro'gen I (13) (whose 3H chemical shifts are identical with the corresponding CE-I2 resonances in the 1H NMR spectrum) in absence of free PBG is ascribed to disproportionation of complex z._ via 8-10 whose methylene (CHT) and side-chain groups (C-T2CH2CO2H) can be observed along with those of urogen I in the signals at 3.58, 2.75 and 2.48 ppm. Such a disproportionation also accounts for the disappearance of the signal at 3.28 ppm, which would be expected to lose up to 90% of its original intensity, on the basis of the statistical randomization of 3H label, from 7a ÷ 8 ÷ 9 -10 ÷ 13.
To demonstrate the catalytic competence of the monopyrrole complex 7, unlabeled PBG (6) was added to the 3H complex 7a at 3.5°C and the formation of urogen I monitored by 3H NMR. At 3.5°C a transient low-intensity signal was observed at 4.76 ppm, a chemical shift consistent with the vinyl (R) hydrogen of the azafulvene (lla) (ref. 41 ). On warming to 23°C (Fig. 4iv) , sharp resonances for unbound uro'gen I (13a) appeared at 3.58 (20-meso CHT) and 2.48 ppm (propionate CHT) corresponding to the 1H chemical shifts in an enzyme-free sample of urogen I (ref. 38).
The large line widths of the spectrum in Fig. 4 (spectra ii and iii) (-l5O-3O0 Hz) reflect an environment in which the active site of the enzyme is probably buried within the protein.
The line width of the propionate side chain also suggests that it is covalently attached or ionically associated with the protein, which is consistent with literature reports on the inhibitory effects of PBG analogues (ref. [42] [43] [44] [45] [46] . The 3H chemical shift (3.28 ± 0.1 ppm) of the methylene directly attached to the enzyme allows conclusions to be drawn as to the nature of the nucleophilic group "X" in Scheme 3. That the methylene could be bound to the oxygen (Fig. 5, B and C) , showing that at low pH there is no detectable binding or tetrahedral adduct formation prior to alkylation. At pH 6.9 there is rapid, irreversible inhibition, and resonances due to both [13C=0]RCOCH2C1 and its hydrate are replaced by a single resonance at 98.0 ppm (Fig. SD) , an indication that the '3C-enriched carbonyl of the inhibitor is tetrahedrally coordinated in the inhibitor-enzyme adduct. Denaturation of the trypsin led to reappearance of a carbonyl resonance (205.5 ppm) and a decrease in the intensity of the resonance at 98.0 ppm. This demonstrates that the tetrahedral adduct formed by the attack of the serine hydroxyl on the inhibitor carbonyl and characterized by the resonance at 98.0 ppm requires an intact trypsin structure (ref. 55 ).
STUDYING ENZYME MECHANISM BY 13C NMR
Almost all enzymatic processes utilize multistep reactions during catalysis, and the characterization of each of these stages is essential if one is to understand enzyme mechanism at the molecular level. Earlier investigators have used spectrophotometric methods for characterizing enzyme-catalyzed reactions, whereas inhibitors that form stable "transition state analogues" have been examined by other techniques that require long periods of data accumulation, for example, X-ray analysis. However, the advent of NMR and its subsequent use in enzymology are beginning to provide a novel and penetrating probe for elucidating enzyme mechanism by directly characterizing intermediates formed in catalysis. The studies of "transition state analogues" allow access to the unique properties of enzymes that enable them to stabilize labile intermediates and therefore achieve their remarkable catalytic efficiency. We discuss first the structures of an enzyme-inhibitor adduct of the serine protease -trypsin -and compare the results of direct observation by 13C NMR with the structural information inferred by more classical techniques. We then review the powerful combination of NMR and cryoenzymoloqy. The development of this technique, whereby enzyme-catalyzed reactions are studied at subzero temperatures in aqueous organic solvents (cryosolvents), allows such reactions to be slowed down and can prolong the lifetime of enzyme-substrate intermediates (ref. 52).
Scheme 4 shows the generally accepted mechanism for the hydroylsis of an amide function by a serine protease and is representative of the mechanism for all the hydrolyses. this mechanistic pathway, the visualization and rigorous characterization of productive tetrahedral intermediates and acyl enzymes by '3C NMR is the ultimate goal, and we now discuss the progress made so far, particularly with the serine and thiol proteases.
In the domain of synthetic inhibitors, chloromethylketone derivatives of specific substrates are potent irreversible covalent inhibitors of the serine proteases, alkylating the activecenter histidine at N-2 (see Scheme 4). X-ray crystallographic studies (ref. 53) led to the suggestion that, in addition to the above alkylation, there was also nucleophilic attack by the active-center serine hydroxyl to form a hemiketal, which is stereochemically analogous to the tetrahedral intermediate purported to occur during catalysis.
In the above experiments with ['3C=O]RCOcH2c1 and trypsin, it is difficult to discount the possibility that the resonance at 98.0 ppm could result from hydration of the carbonyl of the covalently bound inhibitor. However, the use of 180 isotopic shifts on the 13C spectrum of the tetrahedral adduct has now shown the adduct is indeed formed by nucleophilic attack of the Ser195 hydroxyl group (ref. 56).
THE QUEST FOR TRUE INTERMEDIATE STRUCTURE: CRYOENZYMOLOGY
The detection and characterization of a productive acyl intermediate by 13C NMR during catalysis with natural substrates at ambient temperatures is not possible at present, because there is an inherent lack of sensitivity in 1C NMR spectroscopy. Therefore, the lifetimes of these intermediates must be extended into the domain of the NMR experiment. One approach is to use synthetic substrate analogues which deacylate slowly. Another is to utilize low-temperature cryoenzymological techniques to extend the lifetimes of intermediates.
Since the 13C resonances of the carbonyl carbon of thioesters are shifted (A 20 to 30 ppm) upfield relative to their oxygen analogues ( 165 to 185 ppm), '3C NMR spectroscopy should allow the direct monitoring of the formation and decay of a thioacyl intermediate. Using (Fig. 6) . Moreover, the thioacyl species is clearly a productive intermediate since the decrease in its signal intensity was accompanied by an increase in the product resonance and by release of free enzyme (half-life, °96 mm) determined by titration of its thiol group. The line width of the resonance at 195.9 ppm was 25 + 5 Hz. fN 51-96mm after 15 mm the reaction was cooled to -6°C, and the NMR data acquisition commenced 6 mm after the reaction was initiated.
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The trypsin-catalyzed hydrolysis (Fig. 7) of the highly specific substrate Na_carbobenzyloxy_ L-lysine--nitrophenylester (Z-lys-pNP) has been studied in detail under cryoenzymological conditions by both spectrophotometry (ref. 58 ) and 1C NMR spectroscopy (ref. 59 ). The kinetic data from both techniques confirm that the kinetics and mechanism under cryoenzymological conditions are essentially the same as those determined at ambient temperatures by rapid reaction techniques. The hydrolysis of [l-'3C]Z-lys-pNP (S in Fig. 7A , (S = 173.6 ppm) by trypsin was monitored by the decrease in intensity of this signal and the increase in the signal arising from the product (P2 in Fig. 7A , (S = 177.7 ppm) at -21°C in 41 percent aqueous dimethyl sulfoxide (Fig. 7) . The continued formation of product (P2) after all the substrate has been consumed (Fig. 7B) provides indirect evidence for an enzyme bound intermediate whose line width is much greater than that of the free substrate or product and is therefore not directly observable in the individual 13C NMR spectra of Fig. 7 . Improvement of the signal-to-noise ratio by summation of sets of the individual spectra in Fig. 7 made it possible to use difference techniques and allowed direct observation (Fig. 8B) at -21°C of a resonance (5 = 176.5 ppm) that was assignable to the acyl enzyme on the basis of its chemical shift and the kinetics of its breakdown formation. Experiments at -1.5°C (Fig. 8A) showed that the acyl intermediate was much more readily detected at this higher temperature, the resonance being clearly resolved in individual spectra as a result of the smaller line width of the resonance at -1.5°C compared to that at -21°C (22 ± 3 Hz and 100 ± 10 Hz, respectively).
This illustrates one of the main difficulties of a combined NMR-cryoenzymological approach in which the line width of enzyme-bound species increases dramatically as the cryosolvent viscosity increases on lowering the temperature. 
SOLID-STATE NMR AS A PROBE FOR ENZYME-SUBSTRATE STRUCTURE
The basis for all of the NMR studies with proteases has relied heavily on the crystal structure determination of the enzyme and/or enzyme complex at the active site (ref. 60).
Since the phase change from solid to solution may well involve considerable conformational alteration, the correlation of the two physical methods (X-ray, NMR) in the same phase would be a desirable objective in furthering our understanding of enzyme mechanism. Our final theme concerns the application of solid state cross polarized magic angle spinning (CPMAS) NMR spectroscopy to the direct observation of the hydrolysis of a slow (pseudo) substrate catalyzed by an enzyme. Magic angle spinning (MAS) NMR has already been shown to be a powerful technique for the study of solids generally (ref. 61 ) and has been used extensively on inorganic systems (ref. (Fig. 9B) , or the bound glycine accompanied in either case by the second product, tyrosine (Fig. llD) ,also bound to CPA, since in a separate experiment it could be shown that no unbound tyrosine or glycine was present in the complex. A distinction between the two glycine species (anhydride or acid) cannot be made in this experiment since the '3C chemical shifts of the carbonyl(s) in both the anhydride and the acid are within the observed chemical shift range. The distinction is, however, realized by the use of FT-IR difference spectroscopy which indicates that, at least after several days, no anhydride (Fig. 9B) is present. However, these preliminary experiments clearly indicate the feasibility of simultaneous X-ray and CPMAS NMR studies, especially with slow substrates. In summary, a method of some generality for reaching the long-sought correlation between X-ray diffraction data, the resultant geometry of a substrate undergoing slow catalysis, and the corresponding NMR chemical shifts for selected atoms in the enriched substrate, obtained under identical conditions, is now available through the use of the CPMAS technique which can be further complemented by FT-IR difference spectroscopy.
From the discussion presented in this section, it is clear that the stage is now set for intensive research into the mechanism of enzyme action with cryoenzymology. Although most of the enzymes discussed above lie in the molecular weight range of 20,000 to 35,000, an upper figure of 50,000 probably represents the maximum convenient size for '3C NMR studies on currently available superconducting instruments with substrates and inhibitors. 
